The positive elongation factor P-TEFb appears to function as a crucial C-terminal-domain (CTD) kinase for RNA polymerase II (Pol II) transcribing immediate early genes (IEGs) in neuroendocrine GH4C1 cells. Chromatin immunoprecipitation indicated that in resting cells Pol II occupied the promoter-proximal regions of the c-fos and junB genes, together with the negative elongation factors DSIF and NELF. Thyrotropinreleasing hormone (TRH)-induced recruitment of positive transcription elongation factor b (P-TEFb) abolished the pausing of Pol II and enhanced phosphorylation of CTD serine 2, resulting in transcription elongation. In addition, P-TEFb was essential for splicing and 3-end processing of IEG transcripts. Importantly, the MEK1-extracellular signal-regulated kinase (ERK) signaling pathway activated by TRH upregulated nuclear CDK9 and CDK9/cyclinT1 dimers (i.e., P-TEFb), facilitating the recruitment of P-TEFb to c-fos and other IEGs. Thus, in addition to established gene transcription control via promoter response elements, the MEK1-ERK signaling pathway controls transcription elongation by Pol II via the up-regulation of nuclear CDK9 integrated into P-TEFb.
Gene transcription by RNA polymerase II (Pol II) proceeds through multiple steps: preinitiation, initiation, elongation, and termination (45) . Historically, preinitiation and initiation have been considered the rate-limiting steps. Consequently, most studies on transcription control mechanisms have focused on the cis-and trans-acting elements in promoters. However, it has become increasingly evident in recent years that transcription elongation of many inducible genes is controlled by external stimuli (36, 51) . These include the immediate early genes (IEGs) c-fos, c-myc, and MKP-1 (mitogen-activated protein kinase [MAPK] phosphatase 1), for which, based upon in vitro nuclear run-on experiments, a block to elongation has been postulated. Pol II transcription initiation of such genes is constitutive even under cellular resting conditions; however, transcripts are not elongated unless extracellular stimuli trigger intracellular signals, which permit transcription elongation to produce full-length transcripts (11, 13, 30, 41, 42, 54) .
Progress through the transcription steps is tightly linked to the phosphorylation state of the C-terminal domain (CTD) in a large subunit of Pol II (37) . The CTD consists of repeats of the YSPTSPS motif-52 repeats in mammalian cells. Various CTD kinases, including cyclin-dependent kinases (CDKs), selectively phosphorylate the serine residues at positions 2 and 5 (Ser-2 and Ser-5, respectively). The phosphorylation pattern of the CTD is changed in a dynamic fashion during the activation and attenuation of transcription. Pol II, which has initiated transcription, is phosphorylated on Ser-5, elongating Pol II in addition on Ser-2 (6, 10, 29, 37, 43) . We have recently shown that the rate of c-fos transcription in vivo is continuously regulated at the level of elongation and that this regulation is reflected by the dynamic changes of Pol II CTD phosphorylation along the c-fos gene (41) . Positive transcription elongation factor b (P-TEFb), a complex of cyclin T1 with CDK9, a kinase preferentially phosphorylating Ser-2 of the CTD, is upon activation recruited massively to the transcription unit on the whole c-fos gene. It thus appears that a Pol II complex that can overcome a block to elongation necessarily includes P-TEFb, presumably in order to keep Pol II CTD Ser-2 phosphorylated.
A number of P-TEFs and negative transcription elongation factors (N-TEFs) have been identified as regulators to accelerate or attenuate transcription elongation by Pol II (12, 36, 44) . Transcription elongation control mechanisms involving P-TEFs and N-TEFs have been studied extensively in vitro (33, 52, 53, (59) (60) (61) . 5,6-Dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB) sensitivity-inducing factor (DSIF) and negative elongation factor (NELF) are recruited in the promoter-proximal region of a gene, causing Pol II to pause. Once P-TEFb is recruited to the gene, it will phosphorylate the CTD of Pol II and the C-terminal repeats (CTR) of Spt5, a subunit of DSIF. As a consequence, paused Pol II will resume transcription elongation of nascent transcripts. In addition to the in vitro reports, some in vivo observations, especially in Drosophila cells, have shown that NELF is present in the promoter-proximal regions of heat shock genes in resting cells, and P-TEFb is recruited on these genes after heat shock to induce their transcription (3, 6, 26, 56, 57) . DSIF associates with Drosophila heat shock genes, not only in resting cells, but also during active transcription (3, 26, 56) . Spt5 and its phosphorylation by P-TEFb are required for epidermal growth factor-induced transcription elongation on the c-fos gene in HeLa cells (58) . We have recently described gene-specific recruitment of DSIF before and during stimulated transcription of the MKP-1 gene in neuroendocrine cells (18) . Thus, although DSIF was discovered as an N-TEF, these reports suggest that it plays a dual role, functioning as an N-TEF and a P-TEF during resting and active transcription, respectively. Note that DSIF is still referred to as a "negative" elongation factor in reference to the background of its discovery.
P-TEFb plays a general role in transcription elongation and primary transcript processing, not only for induced genes, but also for genes that are expressed constitutively (9) . The question thus arises of whether and how activation of intracellular signaling would lead to enhanced activity of P-TEFb. To address this, we studied the induction of IEGs by thyrotropinreleasing hormone (TRH) in pituitary GH4C1 cells. We first examined in detail how P-TEFb-regulated transcription elongation of the c-fos and junB genes was induced by TRH via CTD phosphorylation and modulation of the negative elongation factors NELF and DSIF. Next, we examined the relationship of P-TEFb with TRH-induced signaling cascades. A major intracellular signaling pathway stimulated by TRH is the MEK1-extracellular signal-regulated kinase (ERK) cascade. Several mechanisms by which this pathway regulates transcriptionhavebeenwellstudied.Theyincludeespeciallythephosphorylation of CREB and of TCF to address the response elements CRE and SRE in the c-fos promoter (49) , as well as the phosphoryation of histones (48, 64) . To study the potential role in which this pathway contributes to transcription elongation regulation, we progressed with the working hypothesis that the MEK1-ERK pathway would affect directly or indirectly the function of P-TEFb. We show that the MEK1-ERK pathway is decisive for TRH-induced recruitment of P-TEFb to IEGs and subsequent transcript elongation and processing. Evidence is presented that the activation of the MEK1-ERK signaling pathway enhances the nuclear availability of CDK9 and thus of P-TEFb. Such a process could contribute to induced transcription elongation of IEGs, for which P-TEFb may be rate limiting.
MATERIALS AND METHODS
Cell culture and stimulation. Pituitary GH4C1 cells were usually grown at 37°C in Ham's F-10 medium (Invitrogen, Carlsbad, CA) containing 2.5% (vol/ vol) fetal bovine serum and 15% (vol/vol) horse serum in a humidified atmosphere of 5% CO 2 . GH4C1 cells incubated in Ham's F-10 serum-free medium for 24 h were incubated with 30 M DRB (Sigma, St. Louis, MO) for 2 h, 10 M U0126 (Promega, Madison, WI) for 1 h, or 10 M ERK activation inhibitor peptide I (Calbiochem, San Diego, CA) for 2 h and then stimulated with 100 nM TRH (Roche, Indianapolis, IN).
ChIP assay. An anti-cyclin T1 polyclonal antibody (H-245; Santa Cruz Biotechnology, Santa Cruz, CA), an anti-Spt5 monoclonal antibody (BD Bioscience, Lexington, KY), an anti-NELF-A polyclonal antibody (A-20; Santa Cruz Biotechnology), an anti-Pol II polyclonal antibody (N-20; Santa Cruz Biotechnology), and anti-Pol II monoclonal antibodies (8WG16, H2, and H5; Convance, Princeton, NJ) were used. Chromatin immunoprecipitation (ChIP) assays were performed as described previously (18, 41) . DNAs precipitated with the antibodies were used as templates for quantitative real-time PCR with Sybr green PCR master mix (Applied Biosystems, Foster City, CA) or Universal PCR master mix (Applied Biosystems). Primers and TaqMan probes used in this experiment were as follows: c-fos promoter-proximal region (Ϫ62 to ϩ14), forward primer, 5Ј-CTCATGACGTAGTAAGCCATTCAAG-3Ј, and reverse primer, 5Ј-GCAATCGCGGTTGGAGTAGT-3Ј; c-fos exon 1 (ϩ123 to ϩ187), forward primer, 5Ј-CCCTCGCCGAGCTTTGC-3Ј, and reverse primer, 5Ј-GCC TCGTAGTCCGCGTTGA-3Ј; TaqMan probe, 5Ј-6-carboxyfluorescein (FAM)-CAAACCACGACCATGATGTTCTCGGGT-6-carboxytetramethylrhodamine (TAMRA)-3Ј; c-fos exon 1 and intron 1 (ϩ244 to ϩ316), forward primer, 5Ј-A TTCCCCAGCCGACTCCTT-3Ј, and reverse primer, 5Ј-CGACTGCACAAAG CCAAACTC-3Ј; c-fos intron 1 (ϩ502 to ϩ595), forward primer, 5Ј-CGCGGC AGGTTTACTCTGA-3Ј, and reverse primer, 5Ј-AGCGAGTCTTTGCTAGAG ACTTGTT-3Ј; c-fos exon 3 (ϩ1746 to ϩ1818), forward primer, 5Ј-AAGGGAA AGGAATAAGATGGCTG-3Ј, and reverse primer, 5Ј-CGCTTGGAGCGTAT CTGTCA-3Ј; TaqMan probe, 5Ј-FAM-CCTCCGATTCCGGCACTTGGCT-T AMRA-3Ј; c-fos exon 4 (ϩ2423 to ϩ2495), forward primer, 5Ј-TCCCAGCTGC ACTACCTATACG-3Ј, and reverse primer, 5Ј-TGCGCAGCTAGGGAAGGA-3Ј; TaqMan probe, 5Ј-FAM-CTTCCTTTGTCTTCACCTACCCCGAGGC-TA MRA-3Ј; junB 5Ј (ϩ63 to ϩ133), forward primer, 5Ј-GCACCACGGAGGGA GAGA-3Ј, and reverse primer, 5Ј-CAGCGGCCAGTTGGTAGCT-3Ј; junB 5Јb (ϩ277 to ϩ341), forward primer, 5Ј-ACGAAAATGGAACAGCCTTTCTA-3Ј, and reverse primer, 5Ј-GGGCTCCGACCGTATCCT-3Ј; junB 3Ј (ϩ1147 to ϩ1237), forward primer, 5Ј-CTGGAGGACAAGGTGAAGACACT-3Ј, and reverse primer, 5Ј-GCTTGAGCTGCGCCACTT-3Ј; MKP-1 exon 1 (ϩ21 to ϩ94), forward primer, 5Ј-GGGACGCGCGGTGAAG-3Ј, and reverse primer, 5Ј-GA TCTTGTGCGGTTTTTTGTGG-3Ј; TaqMan probe, 5Ј-FAM-CCTAAGTCCT CAAGTGCTCGCTGATCCTAATCT-TAMRA-3Ј; MKP-1 exon 1b (ϩ227 to ϩ287), forward primer, 5Ј-CTTCTGGATTGTCGCTCCTTCT-3Ј, and reverse primer, 5Ј-CGTTCACTGAGCCCACGAT-3Ј; MKP-1 exon 4 (ϩ2043 to ϩ2109), forward primer, 5Ј-CCCTGTTCACCCCACGAA-3Ј, and reverse primer, 5Ј-GC AGCTCGGAGAGGTTGTG-3Ј; TaqMan probe, 5Ј-FAM-TGCCCTGAACTA CCTTCAAAGCCCCA-TAMRA-3Ј; nongenetic region, forward primer, 5Ј-GA TTCCCCAGAACCCACATG-3Ј, and reverse primer, 5Ј-GATCCCTGGGTCT GGCATTA-3Ј.
RNA preparation and quantitative reverse transcriptase (RT) PCR. Total RNA was extracted from GH4C1 cells with an acid phenol-guanidinium reagent (TRI-Reagent; Molecular Research Center, Cincinnati, OH) according to the manufacturer's instructions. Quantifications of c-fos, junB, and MKP-1 RNAs was performed with the total RNA by using real-time PCR with Sybr Green PCR master mix (Applied Biosystems) or Universal PCR master mix (Applied Biosystems) as described previously (42) . The primers and TaqMan probes used in this experiment were as follows; c-fos spliced mRNA, forward primer, 5Ј-GAC AGCCTTTCCTACTACCATTCC-3Ј, and reverse primer, 5Ј-AAAGTTGGCA CTAGAGACGGACAG-3Ј; c-fos total RNA, forward primer, 5Ј-CTTCAGCG TCCATGTTCATTGT-3Ј, and reverse primer, 5Ј-ACGTTTTCATGGAAAAC TGTTAATGTC-3Ј; c-fos 3Ј-end noncleaved RNA, forward primer, 5Ј-TGCGA CCACCTCGTTGCT-3Ј, and reverse primer, 5Ј-CCCATCTTGACAAACTGG TCTCT-3Ј; junB total RNA, forward primer, 5Ј-GGAGCAGGAGGGCTTTG C-3Ј, and reverse primer, 5Ј-CGTCACGTGGTTCATCTTGTG-3Ј; junB 3Ј-end noncleaved RNA, forward primer, 5Ј-TAATTTCTGTGGTCTCTTTCTTCCA A-3Ј, and reverse primer, 5Ј-CCCGAAAGGAGAGAACTACAAACT-3Ј; MKP-1 spliced mRNA, forward primer, 5Ј-CGCGCTCCACTCAAGTCTTC-3Ј, and reverse primer, 5Ј-GGTGGACTGTTTGCTGCACA-3Ј; TaqMan probe, 5Ј-FAM-AGCCGAAAACGCTTCATATCCTCCTTGG-TAMRA-3Ј; MKP-1 total RNA, forward primer, 5Ј-CCCTGTTCACCCCACGAA-3Ј, and reverse primer, 5Ј-GCAGCTCGGAGAGGTTGTG-3Ј; TaqMan probe, 5Ј-FAM-TGCCCTGA ACTACCTTCAAAGCCCCA-TAMRA-3Ј; MKP-1 3Ј-end noncleaved RNA, forward primer, 5Ј-TATTGAGTTCTCGGTGCTTTGTTTC-3Ј, and reverse primer, 5Ј-GGTTCAGTGCCCCATACTATGC-3Ј. For normalization, amplification of 18S rRNA was performed under standard conditions by using 18S rRNA predeveloped assay reagent (Applied Biosystems).
Preparation of cytosolic and nuclear extracts. GH4C1 cells (about 2 ϫ 10 7 cells) stimulated with TRH for 0 to 48 min were lysed in 1 ml of lysis buffer (10 mM Tris-HCl, pH 8.0, 60 mM KCl, 1 mM EDTA, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride [PMSF], 50 mM NaF, 1 mM Na 3 VO 4 , 1 g/ml leupeptin, 1 g/ml aprotinin) for 15 min on ice and centrifuged (1,500 ϫ g) at 4°C for 4 min. The supernatant and precipitate were collected as cytosolic extract and debris including the nucleus, respectively. After being washed with the lysis buffer without NP-40, the debris was incubated with nuclear extraction buffer (20 mM Tris-HCl, pH 8.0, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 50 mM NaF, 1 g/ml leupeptin, 1 g/ml aprotinin) for 30 min at 4°C. After centrifugation (16,000 ϫ g) at 4°C for 10 min, the supernatant was collected as the nuclear extract. Immunoprecipitation and in vitro phosphorylation assay. Nuclear fraction (90 g) in immunoprecipitation buffer (20 mM Tris-HCl, pH 8.0, 25% glycerol, 150 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.1% NP-40, 1 mM PMSF, 1 mM Na 3 VO 4 , 50 mM NaF, 1 g/ml leupeptin, 1 g/ml aprotinin) was incubated with P]ATP in CTD kinase buffer at 30°C for 25 min. The reaction was stopped by adding sample buffer and boiling the mixture. The GST-CTD proteins were separated in sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then subjected to autoradiography.
Western blotting. The immunoprecipitated protein complex denatured in sample buffer was subjected to Western blotting with an anti-cyclin T1 polyclonal antibody (H-245; Santa Cruz Biotechnology) and an anti-CDK9 monoclonal antibody (D-7; Santa Cruz Biotechnology). The cytosolic and nuclear extracts denatured in sample buffer were subjected to Western blotting using an antiphospho-p44/42 MAPK (Thr202/Tyr204; Cell Signaling Technology, Danvers, MA), an anti-ERK1 (BD Bioscience), an anti-CDK9 (C-20; Santa Cruz Biotechnology), an anti-cyclin T1 (H-245; Santa Cruz Biotechnology), an anti-TFIIB (C-18; Santa Cruz Biotechnology), and an antiactin (Sigma) polyclonal antibody. The protein bands were visualized by using a horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G antibody (BD Bioscience) or a horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G antibody (BD Bioscience) with LumiGlo reagent and peroxide (Cell Signaling Technology). The intensities of the visualized bands were analyzed using Scion Imaging Software (Scion Corporation, Frederick, MD).
RESULTS
Occupancy of the c-fos and junB genes by P-TEFb, NELF, and DSIF. We first assessed quantitatively in vivo the association of P-TEFb, NELF, and DSIF with the IEG c-fos. To this end, ChIP was combined with quantitative real-time PCR. We reported previously that c-fos transcription in GH4C1 cells is immediately induced by TRH stimulation and reaches maximal rates at around 12 min thereafter (41) . Beyond this time point, the transcription rate is attenuated but remains significantly elevated over starting levels for 48 to 96 min. In this study, we quantified the association of the three elongation factors at three time points, representing (i) the basal state prior to induction (0 min), (ii) the most active state of transcription (12 min after TRH stimulation), and (iii) the attenuated but sustained steady state of induced transcription (48 min after TRH stimulation). In consideration of the postulated block to elongation in the promoter-proximal region (40) and/or in intron 1 (11, 30) on the c-fos gene, we designed three real-time PCR primer sets probing the promoter, including the promoterproximal region, the exon 1-intron 1 junction, and intron 1. Two further probes monitored exon 3 and exon 4 (Fig. 1A) .
The localization of P-TEFb, which consists of cyclin T1 and CDK9, was examined by ChIP with an anti-cyclin T1 antibody (Fig. 1B) . Prior to TRH stimulation, P-TEFb was present only in the 5Ј region of the c-fos gene. Although very modest, the ChIP signals obtained with probes for the promoter-proximal, exon 1-intron 1 junction, and intron 1 regions were clearly higher than the background ChIP signal obtained for a nongenetic region (see Fig. S1 in the supplemental material), showing that some P-TEFb is present in the 5Ј regions of the gene even under cellular resting conditions. At 12 min after TRH stimulation, P-TEFb was recruited to the whole gene. While exon 1 and intron 1 were most prominently occupied by P-TEFb, the elongation factor also significantly occupied the downstream parts of the c-fos gene. At 48 min after TRH stimulation, P-TEFb associations with all parts of the c-fos gene were reduced in parallel to between 20% and 40% of the maxima but remained significantly elevated compared to resting cells (TRH, 0 min). We have shown previously that CDK9 activity is essential for the recruitment of P-TEFb and DSIF to the transcribed parts of the MKP-1 gene (18) . Treatment of GH4C1 cells with DRB, a specific inhibitor of CDK9 kinase, markedly reduced the induced occupancy by P-TEFb of the transcribed part of the c-fos gene, especially in the promoterproximal, exon 1-intron 1 junction, and intron 1 regions. Assuming that P-TEFb occupancy is linked to Pol II occupancy (Fig. 2) , this would be consistent with the need for CDK9 activity phosphorylating Pol II to overcome the block to elongation (11, 30, 40) .
Next, we examined distribution patterns on the c-fos gene of NELF, which is composed of four subunits (A, B, C or D, and E). ChIP with an anti-NELF-A antibody revealed the presence of NELF confined to the promoter-proximal region (Fig. 1C) . While more and more NELF was associated with the c-fos gene after TRH stimulation, all NELF remained confined to the 5Ј part of the gene. NELF occupancy was maximal 48 min after TRH stimulation, when Pol II and P-TEFb on the c-fos gene were already reduced and the transcription rate was attenuated. Interestingly, DRB treatment potentiated the recruitment of NELF at the prompter-proximal region at both 12 and 48 min after TRH stimulation. It has been reported that NELF-E is phosphorylated by P-TEFb in vitro and that the phosphorylation induces dissociation of NELF from the Pol II complex (17) . Increased association of NELF with the promoterproximal region after DRB treatment may be due to the fact that unphosphorylated NELF would not detach from the Pol II complex in vivo.
The distribution pattern of DSIF, which consists of Spt4 and Spt5, was in part similar to that of NELF (Fig. 1D) . ChIP with an anti-Spt5 antibody showed a limited association of DSIF with the promoter-proximal region in resting cells that was remarkably similar to that of NELF. In contrast to NELF, DSIF was also largely recruited to the whole transcribed part of the c-fos gene following TRH. It was particularly striking that at the time of maximal transcription rate (12 min), abundant DSIF was found on exons 3 and 4. Such TRH-induced association with the 3Ј region suggests that following induction of transcription elongation, DSIF progresses together with Pol II ( Fig. 2A) . At 48 min, DSIF occupancy was very markedly diminished on the transcribed part of the c-fos gene (most markedly at 3Ј) but not at all on the promoterproximal region. While DRB treatment did not affect the occupancy by DSIF of the promoter-proximal region, the recruitment of DSIF to the transcribed part of the c-fos gene was quite sensitive to CDK9 inhibition. In particular, the TRH-induced occupancy by DSIF of the 3Ј regions was nearly abolished by DRB treatment. Thus, the recruitment of DSIF in the promoter-proximal region is independent of CDK9 activity, but progress along the gene is strongly dependent upon CDK9 activity. Taken together, these observations suggest that under basal conditions DSIF and NELF were present, possibly as a complex, in the promoter-proximal region, together with Pol II (Fig. 2A) .
There have been a limited number of reports demonstrating in vivo recruitment of P-TEFb, NELF, and DSIF on IEGs in mammalian cells. We therefore wondered whether the stimu-lus-induced recruitment of those transcription regulation factors would be common to IEGs and whether P-TEFb would always be a key regulator for the recruitment machinery. Therefore, we extended our observations obtained for c-fos and previously for the MKP-1 gene (18) to yet another IEG, junB, for which Pol II pausing at the promoter-proximal region was previously reported (2) . The junB gene, in contrast to c-fos and MKP-1, is intronless. Three primer sets probing the promoter-proximal (5Ј) region, the region downstream of the 5Ј region (5Јb), and the 3Ј region of junB gene were used (Fig.   1E ). ChIP experiments with an anti-cyclin T1 antibody showed the TRH-induced association of P-TEFb, which was remarkably sensitive to DRB (Fig. 1F) . As on the c-fos gene, DSIF and NELF were confined to the promoter-proximal region under resting conditions. After TRH stimulation, DSIF also occupied the 3Ј region of junB ( Fig. 1G and H) . DRB did not affect the presence of DSIF in the 5Ј region but abolished it in the 3Ј region (Fig. 1H) . Thus, the transcriptional elongation machinery shown in Fig. 1 , including P-TEFb, NELF, and DSIF, appears to be common to IEGs. 
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Transcription elongation of the c-fos and junB genes is tightly linked to phosphorylation by P-TEFb of Ser-2 in the Pol II CTD. In order to define the role of Pol II CTD phosphorylation by P-TEFb, we next observed the distribution of CTDphosphorylated Pol II on the c-fos gene in the presence or absence of DRB. We used three different anti-Pol II antibodies: N-20, which recognizes the N-terminal region of a large subunit of Pol II and is used for immunoprecipitation of total Pol II irrespective of CTD phosphorylation, and to differentiate between the different phosphorylation states of the CTD of Pol II, the commonly used antibodies H14, recognizing phospho-Ser-5 CTD, and H5, directed against phospho-Ser-2 CTD, distinguished between phospho-Ser-5 CTD and doubly (Ser-2/ Ser-5) phosphorylated CTD plus phospho-Ser-2 CTD (25; see also the comment on antibody specificities in the supplemental data in reference 41).
As is shown in Fig. 2A , prior to TRH stimulation, significant occupancy by Pol II was detected mainly in the promoterproximal region on the gene and less on exons 3 and 4. At 12 min after TRH stimulation, the occupancy by Pol II of the entire c-fos gene was increased, more significantly on exons 3 and 4 (15-to 20-fold over the basal condition) than in the promoter-proximal region (5-fold increased). These results indicate that in order to reach maximal transcription rates, TRH stimulated transcription elongation by Pol II, which had already initiated transcription in addition to further initiating Pol II. At 48 min after TRH stimulation, Pol II occupancy of the c-fos gene was reduced but remained significantly elevated over the basal rate. DRB treatment strongly suppressed TRHinduced Pol II occupancy of the 3Ј part of the c-fos gene, whereas it slightly affected Pol II occupancy of its promoterproximal region under basal and induced conditions. TRHinduced recruitment of Pol II to the promoter-proximal region was reduced by DRB to 75% at 12 min after TRH stimulation but was increased by DRB after 48 min, possibly due to stacking of initiated Pol II in the attenuated steady state of TRHinduced transcription. DRB effects on Pol II occupancy of 5Ј transcribed parts of the gene (the exon 1-intron 1 junction and intron 1) were similar to those seen on the promoter-proximal region. Taken together, these data suggested that transcription elongation is much more dependent upon CDK9 activity than transcription initiation. ChIP experiments with the H14 antibody yielded patterns of basal and TRH-induced occupancy and DRB effects on them that were very similar to those seen for total Pol II with the N-20 antibody (Fig. 2B ). This illustrated that the phospho-Ser-5 CTD distribution is similar to that of total Pol II. In contrast, the distribution patterns seen with the H5 antibody were very different from those of total Pol II. The ChIP data in Fig. 2C indicated that occupancy of the c-fos gene by Pol II Ser-2 phosphorylated on its CTD was not detectable anywhere prior to stimulation but was very highly induced by TRH at 12 min on exons 3 and 4, significantly more than on the 5Ј part of the transcribed region. At the attenuated steady state (48 min), occupancy of the c-fos gene by Pol II Ser-2 phosphorylated on its CTD was much reduced. DRB treatment completely prevented such TRH-induced occupancy throughout the gene. DRB would also affect the kinase activity of CDK9 that had been recruited by TRH stimulation to the c-fos gene, thus largely preventing the phosphorylation of Pol II CTD Ser-2. Taken together, the data in Fig. 1B and 2 are consistent with the notion, mainly derived in vitro, that CDK9 in P-TEFb is responsible for the phosphorylation of CTD Ser-2 but not of Ser-5 (1, 34). TRH-induced phosphorylation by CDK9 in P-TEFb of Pol II CTD Ser-2 was required for transcription elongation, rather than initiation of the c-fos gene. We also investigated the distribution patterns of total Pol II, phospho-Ser-5 CTD, and phospho-Ser-2 CTD on the junB gene. The distributions of total Pol II and phospho-Ser-5 CTD Pol II were quite similar, with higher occupancy in the promoter-proximal region ( Fig. 2D and E) . In addition, the effect of DRB treatment on the recruitment of phospho-Ser-5 CTD was small (Fig. 2E) . In contrast, Pol II Ser-2 phosphorylated on its CTD, which 12 min after TRH was manifest on the whole junB gene, was fairly sensitive to DRB treatment. These results are analogous to the observations of the c-fos (Fig. 2B-D) and MKP-1 (18) genes. Taken together, these data highlight the fact that inducible transcription of IEGs appears to be regulated by a common mechanism involving a change in Ser-2 CTD phosphorylation induced by P-TEFb.
P-TEFb regulates IEG transcript processing. Transcription and primary transcript processing are coordinated to ensure efficient production of mature mRNA, with a key role played by CTD phosphorylation (22, 36) . For example, capping of mRNA coincides with Ser-5 CTD phosphorylation (23, 29, 43) . Splicing and 3Ј-end processing (cleavage and polyadenylation) are regulated by Ser-2 CTD phosphorylation (1, 5, 34) . To investigate the role of P-TEFb in these processes, we first evaluated the effects of DRB on the production of mature c-fos mRNA, using RT-PCR with a primer set spanning the end of exon 1 and the start of exon 2 and detecting only spliced c-fos mRNA (Fig. 3A) . As shown in Fig. 3B and reported previously (41), c-fos mRNA levels rose dramatically after TRH stimulation (24 min) and were later reduced to levels still markedly enhanced over basal levels (48 min). Under DRB treatment, under both basal and TRH-stimulated conditions, c-fos mRNA production was much reduced (Fig. 3B) . The same kinetic pattern seen for c-fos mRNA was observed for junB RNA when junB transcripts were quantified with a primer set amplifying a sequence in the middle of the only exon (Fig. 3A and  B) . Like c-fos mRNA, junB RNA levels were very sensitive to DRB treatment regardless of TRH stimulation. As DRB at the concentration and exposure used here did not completely shut off transcription of both genes, it was possible to see whether transcription and primary transcript processing were still well coordinated or whether DRB inhibition of Ser-2 CTD phosphorylation might cause defects of splicing and 3Ј-end processing. To establish the relative 3Ј-end processing ratio of the IEG transcripts, we contrasted the 3Ј primary transcript normally removed upon polyadenylation with the total transcripts (Fig.  3A) , monitoring the 3Ј-end cleavage ratio. DRB inhibition of CDK9 reduced 3Ј-end cleavage of c-fos primary transcripts accumulated over 24 min of TRH stimulation; c-fos transcripts without the cleavage in total c-fos RNA were up to four times more abundant than without DRB (Fig. 3C) . Thus, 3Ј-end cleavage was dependent upon CDK9 activity in P-TEFb, especially at times of most active transcription. We also examined 3Ј-end cleavage efficiency on junB and another IEG MKP-1 gene, whose transcription was also suppressed strongly but not completely by DRB at 30 M concentration (18) . After 24 min of TRH stimulation, DRB treatment obviously increased the transcripts without the cleavage of both genes (Fig. 3C) . As for splicing efficiency, we contrasted spliced transcripts with the total transcripts. DRB treatment resulted in significantly reduced splicing of c-fos transcripts under both basal and TRHstimulated conditions (24 min) (Fig. 3D) . Reduced splicing was also observed in MKP-1 transcripts at times of most active transcription (Fig. 3D) . Taking the data together, P-TEFb is related to the efficiency of 3Ј-end processing and splicing of TRH-induced IEG transcripts.
Activation of the MEK-ERK signaling pathway is decisive for TRH induction of IEG transcription and P-TEFb recruitment to IEGs. TRH activates multiple intracellular signaling pathways. To assess their relative importance for induction of the IEGs (c-fos, junB, and MKP-1), we used specific pharmacological inhibitors that target different signaling pathways (Fig. 4A) . To inhibit the MEK-ERK signaling pathway, we used the specific MEK1/2 inhibitor U0126, which is generally accepted as specific and hardly affecting other protein kinases (protein kinase C [PKC], Abl, Raf, MEKK, ERK, JNK, MKK-3, MKK-4/SEK, MKK-6, Cdk2, Cdk4, etc.) (16 CaMKs (KN62) alone or even in combination, was less effective. Although MEK1/2 may be activated directly by several upstream kinases (Raf-1, MOS, A-RAf, B-Raf, etc.), no substrates for MEK1/2 other than ERK1/2 have been identified Therefore, induction of c-fos transcription by TRH should depend primarily upon the activation of the MEK-ERK signaling pathway, which was rapid and sustained (Fig. 5B ). In addition, being strongly inhibited by U0126, TRH-induced junB and MKP-1 transcription also appeared to be strongly dependent upon this same signaling pathway (Fig. 4A) . The simplest hypothesis linking ERKs to Pol II would be that active phospho-ERKs directly phosphorylate the CTD of Pol II on the IEGs, thus favoring elongation. Indeed phosphoERKs can phosphorylate the Pol II CTD in vitro (4, 7, 14, 50) . However, ChIP failed to provide any evidence for recruitment of phospho-ERKs to the c-fos gene either prior to or after TRH stimulation (data not shown), suggesting that the phospho-ERKs did not directly phosphorylate Pol II CTD in vivo. Note that it is possible that the anti-ERK antibody we used does not work sufficiently for ChIP assays.
To evaluate the role of the MEK-ERK signaling pathway on TRH-induced recruitment of P-TEFb on the IEGs c-fos, junB, and MKP-1, we next performed a ChIP assay with an anticyclin T1 antibody under U0126 treatment. As shown in Fig.  4B and C, U0126 treatment inhibited the association of PTEFb by up to 50% on the whole IEGs at 12 and 48 min after TRH treatment. This inhibition was observed equally even when we performed ChIP with an anti-CDK9 antibody (data not shown). These results suggest that the implication of the MEK-ERK signaling pathway during TRH-induced recruitment of P-TEFb is common to the three IEGs. It thus appeared likely that ERK somehow modulated P-TEFb occupancy of IEGs. The MEK1-ERK signaling pathway does not regulate the catalytic activity of CDK9 but up-regulates constitution of P-TEFb. We next examined in detail how the MEK-ERK signaling pathway modulated P-TEFb. We postulated two possibilities: the signaling pathway regulated the amount of P-TEFb in the nucleus or CDK9 activity, which is necessary for recruitment of P-TEFb on IEGs (Fig. 1B and F) . P-TEFb was therefore immunoprecipitated from GH4C1 cells stimulated by TRH in the presence or absence of U0126 and analyzed by Western blotting (Fig. 5A) . Whereas the amount of cyclin T1 immunoprecipitated with an anti-cyclin T1 antibody was constant irrespective of the conditions, CDK9 precipitated together with cyclin T1 varied with TRH stimulation and MEK inhibition: TRH increased the amount of CDK9 interacting with cyclin T1, whereas U0126 treatment abolished the augmented interaction. A similar pattern was observed even with complete nuclear extracts (Fig. 5B) . In contrast, neither CDK9 nor cyclin T1 in the cytosolic extracts was affected by either TRH or U0126. To confirm the specific implication of the MEK-ERK signaling pathway for nuclear up-regulation of CDK9, we used as an inhibitor a 13-amino-acid peptide corresponding to the N terminus of MEK1 (ERK activation inhibitor peptide I) (27, 46) minal kinase, or p38 protein kinase; thus, the ERK activation inhibitor peptide competitively inhibits interaction of MEK1 with ERK1/2 (27), thus preventing ERK1/2 activation. The possibility that a yet unidentified substrate of MEK would also be inhibited by ERK activation inhibitor peptide cannot be excluded. As shown in Fig. 5C , like U0126, the peptide completely suppressed TRH-induced phosphorylation of ERK1/2 and augmentation of CDK9 in the nucleus. Consistently, TRHinduced interaction of CDK9 with cyclin T1 was also clearly reduced by the peptide. We also calculated the reduction of CDK9/cyclinT1 dimers or that of CDK9 in the nucleus by quantification of the bands in Western blotting ( Fig. 5D and  E) . Compared to the control, at 12 min after TRH stimulation, 40 to 50% of the CDK9/cyclinT1 dimers or half of the CDK9 was abolished in the nucleus by inhibition of the MEK1-ERK signaling pathway. Taken together, the data in Fig. 5 illustrate that TRH increases the number of CDK9 and cyclin T1/CDK9 dimers, i.e., the assembly of P-TEFb in the nucleus via the MEK1-ERK signaling pathway. We next addressed whether the catalytic activity of CDK9 was also regulated by the MEK1-ERK pathway. To this end, the protein kinase activity of P-TEFb immunoprecipitated from GH4C1 cells stimulated by TRH in the presence or absence of U0126 was determined by an in vitro phosphorylation assay with GST-CTD as a substrate (53) . As shown in Fig. S2 in the supplemental material, in vitro phosphorylation activi-FIG. 5. Activated MEK1-ERK signaling up-regulates nuclear CDK9 and enhances its association with cyclin T1 to form P-TEFb. (A) Cyclin T1, free or incorporated into P-TEFb, was immunoprecipitated from nuclear extracts of GH4C1 cells prepared at various time points of TRH stimulation (0 [basal condition], 12, and 48 min) in the presence or absence of U0126 (10 M) using an anti-cyclin T1 antibody. Cyclin T1 and CDK9 were analyzed by Western blotting with an anti-cyclin T1 and an anti-CDK9 antibody. Shown is a typical experiment repeated three times. (B) Nuclear and cytosolic extracts prepared at various time points after TRH stimulation (0, 12, and 48 min) in the presence or absence of U0126 were subjected to Western blotting with an anti-CDK9, an anti-cyclin T1, an anti-TFIIB (nuclear extracts), and an anti-actin (cytosolic extracts) antibody. Nuclear extracts were separately analyzed for phospho-ERKs and ERKs by Western blotting with an anti-phospho-ERK and an anti-ERK antibody. Shown are typical experiments repeated three times. (C) Nuclear extract prepared with or without TRH stimulation or ERK activation inhibitor peptide I treatment (2 M) were subjected to immunoprecipitation using an anti-cyclin T1 antibody. The nuclear extract and the immunoprecipitated proteins were subjected to Western blotting with an anti-CDK9, an anti-cyclin T1, an anti-TFIIB, an anti-phospho-ERK, and an anti-ERK antibody. Shown are typical experiments repeated two times. (D and E) The reduction of CDK9/cyclin T1 dimers (i.e., P-TEFb) (D) or that of CDK9 (E) in the nucleus was calculated by quantification of the bands derived from experiments shown in panels A to C and is shown as a graph. The relative ratio is shown as the mean Ϯ standard error of the mean (n ϭ 3; U0126) or the mean of two experiments with the range (ERK inhibitor). ties normalized with the amount of immunoprecipitated CDK9 (the ratio of phospho-CTD versus CDK9) were not significantly changed by U0126 treatment. Thus, the in vitro phosphorylation assay did not provide any evidence for a change in the catalytic activity of CDK9. In summary, these data would be consistent with the hypothesis that the MEK1-ERK signaling pathway increased nuclear CDK9, leading to enhanced dimerization with cyclin T1 to form abundant P-TEFb, thus facilitating recruitment of PTEFb to the c-fos gene and other induced genes. In this manner, MEK1-ERK would contribute to P-TEFb-driven Pol II elongation.
Up-regulation of P-TEFb by the MEK1-ERK signaling pathway induces transcription elongation of c-fos. If activation of the MEK1-ERK signaling pathway facilitates P-TEFb recruitment to the IEGs, inhibition of the pathway would cause reduction of transcription elongation involving P-TEFb-mediated Pol II CTD Ser-2 phosphorylation. We thus performed ChIP assays in order to assess the distribution pattern of Pol II transcribing the c-fos gene under U0126 treatment. Occupancy by total and CTD-phosphorylated Pol II was monitored at exons 1, 3, and 4 (Fig. 6A) . We first examined the distribution of total Pol II with an anti-CTD antibody (8WG16) (47) that recognizes CTD, irrespective of its phosphorylation, with effi- (Fig. 6B) . U0126 treatment reduced TRH-induced Pol II occupancy in all three regions, with more pronounced reduction in the downstream region (exons 3 and 4) than in the promoterproximal region (exon 1), where 70% of Pol II recruitment resisted U0126 treatment. These results suggest that inhibition of the MEK1-ERK signaling pathway mainly suppressed transcription elongation. The distribution pattern of the phosphoSer-5 CTD examined with the H14 antibody was very similar to that of total Pol II (Fig. 6C) . On the other hand, ChIP with the H5 antibody revealed that U0126 treatment reduced TRHinduced occupancy by the phospho-Ser-2 CTD more severely on exon 1 than total Pol II and phospho-Ser-5 CTD (Fig. 6D) .
The selective effect of U0126 on Ser-2 CTD phosphorylation became more apparent when the ChIP data were plotted 12 min after TRH stimulation ( Fig. 6E and F) . U0126 treatment reduced exon 1 occupancy by total or Ser-5 CTD-phosphorylated Pol II only to 70% of the control (Fig. 6E) ; in contrast, occupancy by Ser-2 CTD-phosphorylated Pol II was reduced to 50% (Fig. 6F ). Similar data were obtained 48 min after TRH treatment (data not shown). Note that DRB, a strong and selective suppressor of CDK9 phosphorylation of the CTD (9), not only markedly reduced TRH-induced recruitment of PTEFb on the c-fos gene (Fig. 1B) , but also nearly abolished phosphorylation of CTD Ser-2 for Pol II on the whole gene (Fig. 2C) . U0126 inhibited half of the recruitment of P-TEFb on the c-fos gene (Fig. 4C ) but did not affect CDK9 activity (see Fig. S2 in the supplemental material), which may explain why U0126 reduced Ser-2 CTD phosphorylation of Pol II in the 3Ј region by only 50%. Thus, these data illustrate a role for the MEK1-ERK signaling pathway in transcription elongation, most probably via the phosphorylation of CTD Ser-2.
DISCUSSION
The c-fos transcription rate is regulated mainly via the control of transcription elongation by sophisticated mechanisms that involve P-TEFs and N-TEFs. Yamada et al. reported that transcription elongation of the c-fos gene is regulated by the TEFs DSIF and P-TEFb in HeLa cells (58) . More recently, we showed that dynamic recruitment of P-TEFb and CTD phosphorylation on the c-fos gene is induced by TRH stimulation in the neuroendocrine GH4C1 cells (41) . The present study consolidates the regulation by P-TEFb and DSIF of Pol II transcribing the c-fos gene and shows TRH-induced recruitment of NELF to the proximity of the c-fos promoter. CDK9 activity would be required to permit transcription elongation manifested through the presence of Pol II phosphorylated on Ser-2 of its CTD. P-TEFb, as well as DSIF, occupied the 3Ј part of the c-fos gene in parallel with Pol II. Importantly, we showed that the transcriptional elongation machinery recruited to the c-fos gene upon induction of transcription is common to the other IEGs, junB and MKP-1. The MEK1-ERK signaling pathway, essential for the induction of IEG transcription, up-regulated nuclear CDK9 and P-TEFb. This novel and comprehensive mechanism contributes to the regulation of transcription elongation of IEGs in GH4C1 cells in vivo.
P-TEFb, NELF, and DSIF control transcription elongation on IEGs. Prior to TRH stimulation, DSIF, NELF, and Pol II are similarly confined to the 5Ј part of the c-fos and junB genes ( Fig. 1 and 2) , consistent with in vitro findings that showed that DSIF and NELF collaboratively stall Pol II promoter proximally (33, 52, 53, (59) (60) (61) . NELF and DSIF occupancy of the c-fos gene in resting cells in vivo consolidated the notion of frequent promoter-proximal transcription pause (40), but not a further block to elongation in intron 1 (11, 41, 42, 54) . Interestingly, the association of DSIF and NELF in the promoterproximal region increased gradually after TRH stimulation (Fig. 1C, D, G, and H) , in parallel with the increase of Pol II density in the promoter-proximal region after TRH stimulation ( Fig. 2A and D) . Indeed, the pausing of Pol II by DSIF and NELF may be indispensable for appropriate modification of pausing Pol II and/or for maintenance and modification of its nascent transcripts, e.g., for rendering Pol II elongation competent or to inhibit cleavage (38) and ensure capping of the nascent transcript (31) .
What triggers the release from the pause? Ivanov et al. reported that phosphorylation of Spt5 by P-TEFb invalidates the role of DSIF as a negative regulator in vitro (24) . Yamada et al. observed that the phosphorylated form of Spt5 seems to progress together with Pol II as an active regulator for Pol II elongation in vivo (58) . The observation that progress of DSIF, together with Pol II, along the c-fos and junB genes occurs concomitantly with massive recruitment of P-TEFb on the genes in vivo (Fig. 1) supports the idea that P-TEFb modifies Spt5, causing the functional change of DSIF. Thus, P-TEFb would be required to release Pol II from the pause caused by DSIF and NELF and for the functional change of DSIF. Indeed, inhibition by DRB of CDK9 enhances NELF occupancy of the 5Ј parts of those IEGs (Fig. 1) , consistent with the proposal that phosphorylation by P-TEFb of NELF-E would trigger NELF detachment from the complex (17) .
CTD phosphorylation by P-TEFb is essential for well-controlled gene transcription. There remains some controversy as to the sites in CTD that are phosphorylated by P-TEFb (37, 65) . This study shows that P-TEFb is mainly responsible for Ser-2 CTD phosphorylation during induced transcription elongation and that CDK9 is not essential for induced Pol II occupancy of the 5Ј parts of those IEGs (Fig. 2) . P-TEFb is also necessary for maturation of IEG transcripts (c-fos, junB, and MKP-1) (Fig. 3) . Being associated with all of the genes, PTEFb may continually function to facilitate cotranscriptional splicing and 3Ј-end processing. Currently, it is assumed that RNA modification factors recognize specialized phosphorylation patterns on the CTD to associate with Pol II during transcription elongation (22, 36) . Such variable phosphorylation patterns, called CTD code, are updated in a time-and position-dependent manner during transcription (8) , with the participation of P-TEFb in the complex elongating IEG transcripts. Thus, the phosphorylation by P-TEFb may provide the optimal scaffold for RNA modification factors.
General versus gene-specific functions of P-TEFb and NTEFs. P-TEFb is considered to be of general importance for gene transcription, and indeed, DRB can block almost any gene expression in mammalian cells (9) . In this report, we demonstrated that not only c-fos, but also another IEG, junB, is regulated by P-TEFb, NELF, and DSIF during Pol II elongation in GH4C1 cells. Moreover, the transcription elongation on the MKP-1 gene is also regulated by those elongation factors (18) . The distribution patterns of P-TEFb, NELF, and DSIF on the junB and MKP-1 genes are similar to those on the c-fos gene, suggesting that the transcription elongation machinery including those three factors is common to c-fos, junB, MKP-1, and possibly other rapidly inducible IEGs. However, when the induction of stress-activated p53-dependent genes was analyzed, some exceptions were found, notably the p21 gene, which can be transcribed in spite of DRB inhibition of CDK9 (20, 55) . Furthermore, our ChIP assays suggest that a housekeeping gene, such as the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene, also appears to be occupied by P-TEFb, NELF, and DSIF (unpublished data). It thus remains puzzling that inducible and constant gene transcription should be tuned by common factors in an apparently gene-and inducer-specific manner.
The MEK1-ERK signaling pathway regulates Pol II elongation on IEGs through up-regulation of P-TEFb. TEFs are regulated in multiple ways. Some processes favor or repress their recruitment to transcription complexes; others affect their nuclear availability (39) . Sequestering P-TEFb in inactive heteropolymers, 7SK snRNA and HEXIM1/2, controls the availability of active P-TEFb (15, 62, 63) . Cyclin T1 has a potential role in the translocation of P-TEFb into the nucleus (32) . In this study, we found that activation of the MEK1-ERK signaling pathway favors assembly of cyclin T1/CDK9 heterodimers, which form the active P-TEFb. Thus, in addition to well-established action to phosphorylate several transcription factors, such as TCF proteins, which activate c-fos transcription via the SRE element (21, 49) , the MEK1-ERK signaling pathway modulates the nuclear availability of active P-TEFb complex (Fig. 5) . Furthermore, total CDK9, but not cyclin T1, is upregulated in the nucleus by the MEK1-ERK signaling pathway. The causal relationship between these two observations remains open. In fact, the latter could be simply the consequence of reduced CDK9 degradation; free CDK9 is much less stable than CDK9 in a heterodimer with cyclin T1. CDK9 degradation is initiated by its ubiquitination via a SCF SKP2 -dependent system (28) . Cyclin T1, which is itself not ubiquitinated, functions as a scaffold connecting ubiquitinated CDK9 and the proteasome system. Garriga et al. have argued that this specific CDK9 degradation mechanism applies only to overexpressed CDK9 in some specific cell types (19) . It has been proposed that the constitution of active P-TEFb involves a specific chaperone pathway including the heat shock proteins HSP70 and HSP90 (35) . The TRH-induced MEK1-ERK signaling pathway may stabilize the nuclear CDK9 by facilitation of its interaction with HSP70 and HSP90. Alternatively, increased nu- FIG. 7 . Transcription elongation controlled by P-TEFb, NELF, and DSIF through the MEK1-ERK signaling pathway. TRH stimulation activates the MEK1-ERK signaling pathway, resulting in up-regulation of nuclear CDK9 and cyclin T1/CDK9 complex (i.e., P-TEFb). This up-regulation may be caused by stabilization or translocation of CDK9. The up-regulated P-TEFb is subsequently recruited on IEGs (c-fos, junB, MKP-1, etc.), probably through transcription activators or chromatin-associated proteins. On IEGs, P-TEFb phosphorylates CTR of Spt5, NELF, and CTD Ser-2 of Pol II, favoring transcription elongation and maturation of mRNA by the Pol II complex associated with P-TEFb and DSIF. clear availability of P-TEFb may result from translocation of CDK9 from the cytoplasm to the nucleus favored by the MEK1-ERK signaling pathway, as CDK9 has the intrinsic property of shuttling between the nucleus and cytoplasm (32) . We are currently investigating these potential mechanisms. Taken together, our results clearly indicate that activation of the MEK1-ERK signaling pathway up-regulates nuclear CDK9 and P-TEFb, facilitating recruitment of P-TEFb to actively transcribed genes. Under cellular resting conditions, the number of CDK9/cyclin T1 dimers (i.e., P-TEFb) constantly present in the nucleus is likely sufficient to ensure elongation and transcript processing of the limited number of constantly active genes. However, after strong cellular stimulation (e.g., by TRH), initiation of transcription of a large number of IEGs may exhaust nuclear P-TEFb, as this factor remains associated with transcribing Pol II. Thus, in this situation, in which PTEFb is rate limiting, the MEK1-ERK signaling pathway may contribute to regulating elongation by controlling the nuclear availability of P-TEFb. Therefore, the MEK1-ERK signaling pathway would eventually activate not only transcription initiation via a traditional pathway, but also elongation and transcript processing.
Conclusions. The dual action of the MEK1-ERK signaling pathway on the transcription elongation machinery, which includes P-TEFb, NELF, and DSIF and controls Pol II transcription of IEGs, is illustrated in the scheme in Fig. 7 . TRH stimulation activates, among other signaling pathways, the MEK1-ERK cascade. On one hand, this causes transcription factors to bind to the SRE and thus promotes transcription initiation and subsequently favors the recruitment of P-TEFb to the transcription complex pausing in the promoter-proximal region. On the other hand, active ERK by a yet unknown mechanism enhances the number of cyclinT1/CDK9 dimers, i.e., active P-TEFb, thus facilitating its recruitment to c-fos and other induced genes. As recently reviewed (39), P-TEFb interacts with transcription activators (e.g., CIITA, NF-B, c-Myc, and MyoD) or chromatin-associated proteins (e.g., Brd). Such interactions would favor gene-and stimulus-specific recruitment of up-regulated P-TEFb to induced genes. CDK9 phosphorylation of CTR of Spt5, NELF-E, and the Ser-2 CTD of Pol II triggers the functional change of DSIF and the detachment of NELF, allowing Pol II to resume elongation. P-TEFb and DSIF progress together with Pol II, maintaining the phosphorylation status of the Pol II CTD in a position-dependent manner and allowing the association of splicing and 3Ј-end processing complexes with the transcript. The MEK1-ERKlinked up-regulation of active P-TEFb would largely affect transcription of IEGs in general. This novel mechanism may thus facilitate the massive induction of gene transcription occurring upon cell cycle and/or cell fate transitions, in which the MEK1-ERK pathway plays a predominant role.
